Defaulting to single-lumen peripherally inserted central catheters (PICCs) ordered from non-critical care units resulted in a sustained reduction in PICC-related complications. This system of care is transferrable to other institutions, with potential for improved patient safety and efficiency in outpatient parenteral antimicrobial therapy clinics.
Compared to single-lumen peripherally inserted central catheters (PICCs), use of multiple-lumen catheters has been associated with an increased risk of infection, occlusion, and thrombosis [1] [2] [3] [4] . Prior simulation studies suggest that for every 1000 PICCs inserted annually, increasing the proportion of single-lumen PICCs by 10% may prevent up to 1 PICC-related deep venous thrombosis and 1 PICC-related catheter infection per year [5] . Given that the minority of patients admitted to noncritical care units require multiple-lumen PICCs for patient management, we hypothesized that changing the default to single-lumen PICC insertion, unless an exceptional indication was provided, would be a feasible system of care and result in decreased complication rates without significant unintended consequences.
METHODS
We conducted an interrupted time series study to evaluate the impact of defaulting to single-lumen PICC insertion in noncritical care units during 21 June 2016-20 February 2017 (baseline period) and 21 February 2017-20 October 2017 (intervention period). Sunnybrook Health Sciences Centre is a 627-bed academic health sciences center in Toronto, Canada. Orders for PICCs are entered electronically and inserted in the Interventional Radiology (IR) department. Single-and double-lumen PICCs are 4-French and 5-French PowerPICC Solo catheters (Bard Access Systems, UT), respectively. Prior to the intervention, the number of PICC lumens was left to the discretion of the ordering clinician and chosen from a list of options.
During the 3 months prior to the intervention, appropriateness criteria for multiple-lumen PICCs were developed following extensive consultation with hospital physicians. These criteria were disseminated along with a new hospital policy stating that any multiple-lumen PICC order from noncritical care inpatient units would be defaulted to single-lumen by IR unless one of the following indications were specified with the order: administration of 2 or more long-term intravenous antibiotics, intravenous chemotherapy, total parenteral nutrition, or use in medical assistance in dying. Awareness was raised about the new policy by announcing it at physician business meetings, rounds, and on the hospital intranet both 1 month before and 5 months after the intervention. The intervention was implemented on 21 February 2017 on noncritical care units, excluding medical oncology and general surgery, and was expanded to include these two units on 19 June 2017. Emergency Department (ED) and outpatient clinic PICC orders were excluded due to the low baseline number of double-lumen PICC orders. The study was approved by our Institutional Research Ethics Board.
A retrospective electronic chart review of PICCs inserted in noncritical care units during the study period was performed to collect demographic information and outcomes of interest. The primary outcome was a 90-day composite of PICC-related complications (occlusion, thrombosis, and infection). Data were captured from all admissions and outpatient visits documented in the electronic medical record within the 90-day period. Occlusion was defined by the inability to infuse medication through the PICC, or administration of intra-catheter alteplase in the absence of catheter malposition. Thrombosis was defined as the presence of PICC-associated thrombus in the deep veins of the arm, demonstrated by doppler ultrasound. Infection was based on the 2017 National Healthcare Safety Network definition for central line-associated bloodstream infection [6] . Secondary outcomes included the proportion of PICCs requiring re-insertion for PICC complications within 90 days of insertion, ED visits for PICC complications within 90 days of hospital discharge, and the number of single-lumen PICCs requiring replacement with multiple-lumens. Duplicate complications from the same PICC were excluded.
The primary outcome was analyzed using a segmented regression analysis of the monthly rate of PICC complications. The start of each month was designated as the 21st day in order to align with the start date of the intervention (21 February). A level change impact model was hypothesized, and monthly data was modelled using Poisson regression. Although there was no auto-correlation apparent qualitatively, weighted empirical adaptive variance estimators were used to account for both auto-correlation and heteroscedasticity [7] . The proportion of PICC re-insertions and ED visits for PICC-related complications were analyzed for significance using Pearson's chi-square test. P values ≤ .05 were considered statistically significant. Analysis was performed using R Statistical Software 3.4.3 (Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Over the 16-month evaluation period, 954 PICCs were inserted for patients in noncritical care units. The baseline characteristics of patients who underwent PICC insertion before and after the intervention are summarized in Table 1 . Aside from sex (40.9% vs 47.8% female, P = .03), no significant differences were noted between the groups.
At baseline, 18.6% (87/469) of PICCs inserted were single-lumen, which increased to 67.0% (325/485) in the post-intervention period ( Figure 1A ). Of 160 multiple-lumen PICCs ordered post-intervention, 53 (33.1%) did not meet pre-established criteria and were automatically converted to single-lumen insertions. The baseline complication rate was 30.7% (confidence interval [CI] 26.7-35.0%), which decreased to 17.7% (CI 14.6-21.4%, P < .001) post-intervention ( Figure 1B) . Poisson regression modelling confirmed a significant decrease in the rate of PICC complications following the intervention (incidence rate ratio = 0.488, CI 0.369-0.647, P < .001; Figure 1B) There were significantly fewer PICC re-insertions (5.3% vs 2.7%, P = .03) but no statistically significant difference in the number of ED visits due to PICC complications (4.5% vs 2.9%, P = .21). Only 7 (1.4%) single-lumen PICC insertions required switches to multiple-lumen catheters, 6 of which were due to new indications for multiple-lumen catheters arising after the initial insertion.
DISCUSSION
Changing the default option for PICC insertion to single-lumen in the absence of an appropriate indication for double-lumen led to an immediate and sustained decrease in multiple-lumen PICC insertions and PICC-related complications. The few extra single-lumen PICCs that required a switch to multiple-lumen were far outweighed by the number of PICC re-insertions avoided from these prevented complications.
Our study adds to the literature demonstrating the impact of increasing the use of single-lumen PICCs to prevent PICCrelated complications [8, 9] . Recently, Swaminathan and colleagues introduced a multi-modal intervention aimed at improving appropriate PICC use through provider education and introduction of a clinical tool derived from the Michigan Appropriateness Guide for Intravenous Catheters [8] . Compared to 9 control sites, absolute rates of inappropriate PICC use decreased marginally by 13.8% [8] . Although our intervention focused solely on optimizing lumen selection, our system of defaulting to single-lumen unless otherwise specified led to a larger effect size, with a 50% absolute increase in use of single-lumen PICCs. This approach, sometimes referred to as "asymmetric paternalism, " reframed the choices for PICC selection with a bias toward the preferred single-lumen option, while respecting the freedom of individual clinicians [10, 11] . In our experience, clinicians quickly became used to the single-lumen default option and readily specified reasons for multiple-lumen PICCs whenever they encountered patients meeting specific criteria.
Our findings have significant implications for infectious disease physicians practicing in outpatient parenteral antimicrobial therapy (OPAT) clinics, who manage discharged patients following inpatient PICC insertion. Practice guidelines for OPAT clinics published by the Infectious Diseases Society of America acknowledge vascular access device selection and care as an ongoing area of concern [12] . PICC-related complications, even simple occlusions, frequently lead to interruptions in antimicrobial therapy, repeat radiologic investigations, and additional OPAT clinic visits. Our study demonstrates that many of these complications can be avoided by defaulting to use of single-lumen PICCs before patients are discharged from hospital. Successful implementation of the single-lumen default policy relied on consensus criteria for multiple-lumen PICC insertions being agreed on by a large group of physicians, and education to raise awareness about this new policy. Practice changes occurred at months 1 and 5, coinciding with provider education, but reverted to multiple-lumen ordering over time, requiring increased single-lumen conversions by IR. This finding highlights the limitations of educational interventions to improve single-lumen PICC orders and the need to combine education with system changes to ensure sustainability.
Our study has several limitations. First, our evaluation was limited to a single acute-care hospital and excluded the critical care patient population, where the need for multiple intravenous infusions would make a single-lumen default policy unfeasible. Second, although the intervention focused on optimizing single-lumen PICC selection, the order entry process did not address inappropriate orders for PICCs that may not have required insertion in the first place. Third, our institution began with relatively low single-lumen utilization, whereas hospitals with a higher baseline may not achieve the same impact on PICC-associated complications using a single-lumen default policy. Finally, the improvement in our composite outcome was driven by the reduction in PICC occlusions, while our sample size was likely underpowered to detect a reduction in infection and thrombosis.
Changing the default for PICCs ordered from noncritical care units to single-lumen devices resulted in a rapid and sustained reduction in PICC-related complications. This system of care would be transferrable to other institutions, with potential for improved patient safety and efficiency in outpatient parenteral antimicrobial therapy clinics.
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